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The primary objective of this investigation was to determine the 
effect of nickel on activated sludge over a comprehensive range of con-
centrations and to evaluate the ability of the sludge to acclimate and 
become more tolerant to the metal. 
Six one-liter fill and draw activated sludge units were fed domestic 
sewage; five of these units also received constant, increasing, and 
shock doses of nickel while the sixth was maintained as a control. Treat-
ment efficiency was evaluated in terms of the chemical oxygen demand, 
suspended solids, and nickel content of the effluent. A Warburg respiro-
meter was also employed and was operated at 20°C; reaction flask mixtures 
consisting of sewage and either acclimated or nonacclimated activated 
sludge at constant mixed liquor suspended solids were exposed to dif-
ferent nickel concentrations. 
Nickel above certain concentrations was found toxic; the toxicity 
threshold limit was approximately 2 mg/1. Nickel doses in the range of 
0.5 to 4.0 mg/1, 1.0 to 8.0 mg/1, and 1.0 to 16 mg/1 or higher when added 
to activated sludge units caused little, moderate, and serious effects. 
The 24 hour oxygen uptake of acclimated activated sludge in the Warburg 
respirometer was inhibited by less than 20 per cent when nickel at doses 
of 12 mg/1 or less was added and by more than 70 per cent when 60 mg/1 or 
more were used. Acclimation considerably reduced the toxicity of the 
metalo Neither the acclimated or the nonacclimated sludge removed 
appreciable amounts of nickel and significant concentrations of the 
metal were discharged in the effluent. Pilot plant investigations com-
plemented by Warburg respirometer studies were found to be desirable for 
comprehensive investigation. 
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I. INTRODUCTION 
The metal plating industry is one of the primary sources of nickel 
in industrial wastes. The total industrial waste load from metal plat-
ing may result from dumping spent rinses, spent cleaning liquors, and 
plating baths together with losses from these processes (1). The losses 
occur from spillage, wastage, drag out of the solution, and similar oper-
ations. Metal plating wastes are mainly inorganic in nature and are 
important sources of pollution because of their extremely toxic nature. 
Copper, zinc, nickel, chromium, and cadmium have been found to be the most 
important metallic constituents (2). These metallic ions have a toxic 
effect on the microorganisms essential to biological sewage treatment 
processes. Since the development of nickel plating in the 1840's, this 
field has grown with the nickel industry and today provides an outlet 
for millions of pounds of nickel salts each year (3). 
One factor which contributes to the seriousness of nickel waste 
disposal from the plating industry is the fact that the industry is made 
up of a large number of relatively small plants dispersed wherever the 
metal working industry is established (4). The evaluation of a particular 
nickel waste treatment problem at the industrial site will depend to a 
great extent upon local conditions. If only the harmful effect of the 
waste on the sewers, local sewage works, and treatment processes is to 
be avoided, possibly only the more concentrated wastes will require treat-
ment at the industrial plant. However, even the dilute wastes may require 
treatment if they are discharged directly into the receiving stream. 
A significant physical property of nickel is its high stability in 
solution. It has been recently reported (5) that nickel in an industrial 
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waste discharged into a river was detected several tens of kilometers 
below the point of discharge. A pilot plant (6) investigation and a 
municipal plant (7) study have shown that primary sedimentation of sew-
age removes only a small portion of the nickel present in the sewage. 
Since primary sedimentation, which normally precedes the activated sludge 
treatment, is relatively ineffective in removing nickel, a major fraction 
of the nickel content of the influent sewage can be expected to be in 
intimate contact with the activated sludge microorganisms in the aeration 
chamber. This is contrary to other plating metals which are removed in 
significant quantities by sedimentation. 
While the plating industry continues to usc large quantities of 
nickel compounds, there is also increased emphasis for municipalities to 
provide complete treatment of their waste water to alleviate pollution of 
streams and other receiving bodies of water. Complete treatment of a 
domestic waste is often most efficiently accomplished by secondary treat-
ment facilities which depend upon living microorganisms to remove and 
breakdown the organic pollutants in sewage. The activated sludge treat-
ment process is often employed in this capacity to economically produce 
a high quality effluent acceptable to the standards prescribed by regu-
latory authorities. 
Activated sludge microorganisms have been found to be seriously 
inhibited in their ability to produce a high quality plant effluent when 
exposed to low concentrations of nickel present in domestic sewage. 
Since a proper balance of microorganisms is essential in providing a 
significant reduction in the amount of pollutional organic matter leaving 
the treatment plant, the ability of an activated sludge floc to grow more 
tolerant or to become acclimated to nickel is desirable. 
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The primary objectives of this investigation were: (a) to determine 
if activated sludge microorganisms can be acclimated to higher levels of 
nickel by continuous exposure to nickel concentrations considered to be 
less than an inhibitory dose, (b) to determine the toxicity of nickel 
upon activated sludge microorganisms over a more comprehensive range of 
concentrations than has been previously reported for both acclimated and 
nonacclimated sludge microorganisms, and (c) to determine the ability of 
activated sludge subjected to different doses of nickel to sustain a 
shock load of the metal and the ability of each sludge to recover from 
the shock load. 
A series of fill and draw activated sludge units and the reaction 
flasks of a Warburg respirometer were employed for laboratory simulation 
of an activated sludge aeration chamber. During the fill and draw studies, 
nickel concentrations in constant and increasing doses and one shock load 
were added to the units following the daily feed of strained sewage. The 
treatment efficiency of five activated sludge units fed nickel doses was 
evaluated in terms of the organic matter remaining in the effluent com-
, pared to that of a control unit to which no nickel was introduced. Chemi-
cal oxygen demand, mixed liquor and settled effluent suspended solids con-
centration, and effluent nickel content were the main parameters used. 
The Warburg respirometer studies were performed utilizing a constant 
volumetric ratio of activated sludge to sewage feed, a constant mixed 
liquor suspended solids concentration, and a constant, controlled temper-
ature. The two quantities which were varied included the nickel concen-
tration of the sewage and the activated sludge added to the reaction 
flasks. The activated sludge used was withdrawn from the fill and draw 
units after varying exposure to nickel, Since the Warburg respirometer 
controlled environment provided a form of forced aeration to maintain 
aerobic conditions and constant oscillation to bring the microorganisms 
in contact with the reaction flask contents, the oxygen uptake of this 
system should be a valid parameter with which to evaluate the biological 
activity of the sludge microorganisms. 
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II. LITERATURE REVIEW 
The objective of this literature review was to study previous investi-
gations pertaining to the effect of nickel upon the activated sludge treat-
ment process. Although a number of these studies were not limited in 
scope to the toxicity of nickel but included several other metals and 
chemicals, this review was directed only to work performed with nickel. 
The literature review has been divided into two groups: (a) pilot 
plant studies and (b) Warburg respirometer studies, which were the two 
major experimental tools used by previous investigators. 
A. PILOT PLANT STUDIES 
The effect of nickel upon the efficiency of activated sludge treat-
ment plants was studied by McDermott and his co-workers at the Robert 
A. Taft Sanitary Engineering Center, Cincinnati, Ohio (6, 8). Three 
identical continuous flow pilot plant units, designed to simulate standard 
activated sludge treatment units of the spiral flow type, were used in 
this study. Each plant (8) consisted of a primary sedimentation tank, an 
aeration tank, and a final sedimentation unit. Domestic sewage entered 
the plants at a constant rate and sludge was returned from the final sedi-
mentation tank to the aeration chamber continuously, at the rate of about 
35 per cent by volume of the incoming sewage flow. 
One of the three pilot plants served as a control unit and was not 
fed any nickel; otherwise, it was operated under identical conditions 
with the other plants. The two units which were fed nickel were allowed 
to acclimate to the metal for two weeks before the efficiency studies 
were initiated. Nickel additions were made at four concentrations, 1, 
2.5, 5, and 10 mg/1 nickel, constantly present in the sewage feed. 
The biochemical oxygen demand (BOD), chemical oxygen demand (COD), sus-
pended solids content, and turbidity were the main parameters used to 
evaluate effluent quality; any changes detected between the control and 
the other units were attributed to the presence of nickel. 
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McDermott, et al (6) presented their findings in graphical and tabular 
forms. Table I presents the average characteristics of the final efflu-
ent, from the control and nickel-fed units. The authors reported that, 
based upon the effluent BOD, the 1 mg/1 nickel concentration did not 
effect any noticeable difference between the nickel fed unit and the con-
trol unit. However, the nickel concentrations of 2.5, 5, and 10 mg/1 
significantly affected treatment efficiency; of these three, the 2.5 mg/1 
concentration showed the greatest effect. The effluent COD results indi-
cated that the 1 and 2.5 mg/1 nickel concentrations had no significant 
effect upon effluent quality, while the 5 and 10 mg/1 had a marked effect. 
With regard to the 2.5 mg/1 nickel studies, the authors stated 
that: ''An explanation is not apparent for the anomalous results of the 
BOD and COD data for the 2.5 mg/1 run and remain a variant in an other-
wise orderly series of observations.'' The effect of nickel concentrations 
between 1 and 5 mg/1 upon effluent quality was not, therefore, completely 
determined. 
Incre.::tsed turbidity in the final effluent was found to be an objection-
able feature. Each nickel concentration resulted in increased effluent 
turbidity; generally, the effect was proportionally greater for the higher 
concentrations. 
Slug dose studies utilizing nickel concentrations of 25, 50, and 
200 mg/1 for 4 hours dur.::ttion were also performed. In each run, the acti-













AVERAGE CHARACTERISTICS OF FINAL EFFLUENTS 
FROM CONTROL AND NICKEL-FED UNITS* 
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26 63 9 
21 48 11 
23 51 8 
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tration prior to initiation of the slug dose investigationo It was 
found that the 25 and 50 mg/1 slug doses did not place a great stress 
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on the systemo The 200 mg/1 dose caused significant increases in efflu-
ent BOD, COD, suspended matter, and turbidity for a few hours, but the 
plant recovered within 40 hourso The maximum BOD and COD values occurred 
approximately 10 hours after the "shock" loading was initiated. 
McDermott and his co-workers (6) traced the distribution of nickel 
fed among the primary and excess activated sludges and the final efflu-
ent by means of metal balances made during the 1 and 10 mg/1 runs. They 
found that primary treatment of sewage removed 3 to 5 per cent of the 
influent nickel and that the complete activated sludge treatment process 
removed only 30 per cent of the influent nickel. 
Stones (7) studied the fate of nickel during the treatment of sewage 
at several municipal treatment plants in England and in the laboratory. 
He investigated the removal of nickel by primary sedimentation, chemical 
precipitation, and activated sludge treatment. 
The studies on the removal of nickel by sedimentation were conducted 
at the Salford Sewage Works where the sedimentation basins had a nominal 
detention period of 12 hours. The nickel concentration in the basin 
influent and effluent were measured and averaged, over a period of time, 
0.19 and 0.15 mg/1 respectively, indicating an average removal of 20 per 
cento This reduction is considerably higher than the value of 3 to 5 
per cent reported by McDermott, et al (6). However, the detention time 
used by McDermott was only 1.2 hours as compared to the 12 hours employed 
by Stoneso Since detention times in the range of 1 to 2 hours are com-
monly used in the United States, it is apparent that very little of the 
nickel may be expected to precipitate with the primary sludgeo 
Stones' studies on the chemical precipitation of nickel were con-
ducted in the laboratory. Lime, sulfuric acid, and aluminum sulphate 
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were used and were added at a concentration of 400 mg/1 to a number of 
different sewage samples having an average nickel concentration of 0.21 
mg/1. After a settling period of 18 hours, the supernatants were analyzed 
for nickel content. The results showed that only lime was an effective 
precipitant for nickel; it increased the average removal by approximately 
33 per cent over that obtained by sedimentation alone. Aluminum sulphate 
treatment was not any more effective than plain sedimentation, while 
acidification completely suppressed nickel removal. 
The effect of activated sludge treatment on nickel removal was 
studied at several treatment plants in Manchester, England. The average 
concentration of nickel in the settled sewage fed to the aeration units 
was 0.11 mg/1. Stones reported that activated sludge treatment removed 
approximately 30 per cent of the nickel present in the settled sewage. 
This value is higher than the 30 per cent nickel removal reported by 
McDermott, et al (6) for the complete activated sludge treatment process 
including primary sedimentation. Further comparison of these two studies 
is not possible as Stones did not present the design or operational 
characteristics of the plants studied. 
Moulton and Directo (9) at Ohio State University investigated 
nickel singularly and nickel combined with copper, chromium, and cyanide. 
Although the scope of this investigation was not confined to the effect of 
nickel upon activated sludge, two experimental runs were conducted using 
a shock dose of nickel sulfate. 
A continuous flow laboratory activated sludge plant was developed to 
evaluate a standardized procedure for determining the effects metal plat-
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ing waste constituents have upon the activated sludge treatment process. 
The major plant components were a synthetic sewage feed container, an 
aeration tank, a secondary settling tank, and a composite sampler. The 
purpose of the sampler was to provide composite samples, however, its 
operational characteristics were not described. Activated sludge from 
an operating plant was allowed to acclimate to the laboratory environment 
for two or three days before the toxicants were added to the feed. The 
feed consisted of Weinberger synthetic sewage. 
The test parameters employed were the COD and pH of the effluent, 
and settleability and suspended solids of the sludge. The maximum effect 
of a 6 hour shock load of 15 mg/1 nickel in the synthetic sewage occurred 
approximately 10 hours after the initiation of the nickel feed. During 
run 1, the effluent COD increased from an initial value of 26 mg/1 to 
39 mg/1 after 10 hours; the corresponding COD values for run 2 were 
approximately 32 mg/1 and 42 mg/1. 
Hill (10) carried out laboratory experiments in England to study 
the effect of nickel on the activated sludge treatment process. For 
some years, Hill was in charge of a sewage works which dealt with the 
sewage from a community of some 12,000 people and the trade waste from 
a very large factory discharging large volumes of comparatively weak 
metal plating liquids. This industrial waste caused trouble at the treat-
ment plant; nickel washes were suspected as the cause of the difficulties 
and gave rise to this investigation. 
Two aeration vessels of a two liter capacity, fitted with small 
air diffusers, were seeded with activated sludge from a treatment plant 
and fed with domestic sewage until both were producing practically 
identical effluents. The units were fed three times daily; following 
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each feeding they were aerated for 6 hours and settled for 2 hours. 
Four series of studies were made using nickel concentrations of 1 3 
' ' 
6, and 10 mg/1, added as nickel sulfate in the sewage feed. Each study 
was conducted for a period of four weeks. 
The results obtained indicated that nickel at concentrations between 
1 and 3 mg/1 inhibited nitrification but had no apparent effect on clari-
fication. Concentrations of 6 mg/1 had a threshold effect and 10 mg/1 
a pronounced toxic effect on the process. 
B. WARBURG RESPIROMETER STUDIES 
The use of manometric methods to study the effect of a wide range 
of inorganic and organic chemicals upon activated sludge was explored 
by Dawson and Jenkins (11) of the Birmingham, Tame and Rea District 
Drainage Board in England. Of interest was the effect of the addition 
of shock doses of chemicals to activated sludge not accustomed to handling 
these toxic substances. 
One ml of a solution of the chemical under study was added to a 
Warburg respirometer reaction flask followed by 4 ml of washed activated 
sludge. The oxygen uptake of the activated sludge sample containing the 
chemical being tested was compared graphically to the oxygen uptake of 
an identical sample, which did not contain the chemical. The sludge con-
centration was 1000 mg/1, the test temperature 28°C, and the duration of 
all runs 2.5 hours. 
When a concentration of 10 mg/1 nickel was added, the oxygen uptake 
was reduced to approximately 70 per cent of the oxygen uptake exerted by 
the activated sludge alone. Nickel concentrations of 1 mg/1 or less had 
no apparent effect, while concentrations of 100 mg/1 or higher, for all 
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practical purposes, inhibited oxygen uptake. Nickel was concluded to be 
among the most toxic substances investigated. 
It should be pointed out that the authors' (11) purpose in this 
investigation was not a comprehensive study of nickel, or of any other 
chemical tested, but rather the feasibility of applying manometric methods 
to study the effects of chemicals upon activated sludge. The data pre-
sented on nickel is very limited; only one concentration was studied 
between 1 and 100 mg/1 which was found to be the most significant range 
of concentrations. 
Heukelekian and Gellman (12) at Rutgers University employed manometric 
methods to study the toxicity of seven metal ions, including nickel, on 
activated sludge mixtures and to determine the effect of variables such 
as pH and concentration of sewage. 
Return sludge from an activated sludge treatment plant was main-
tained in the laboratory in an aeration column fed daily with screened 
sewage. Sludge samples used in the Warburg studies were withdrawn from 
the aeration column and centrifuged to determine the approximate sus-
pended solids. Since the authors did not mention any prior conditioning, 
it may be assumed that the activated sludge samples used in this investi-
gation were not acclimated to nickel. The mixture to be added to the 
Warburg reaction flasks consisted of 70 per cent by volume sewage, 
sufficient activated sludge to give a suspended solids concentration of 
2000 mg/1, and metal solution to give the desired nickel concentration. 
Oxygen utilization was determined over a 24 hour period at 20°C. The 
oxygen utilization of two control samples, one containing 2000 mg/1 sludge 
solids and one containing 2000 mg/1 sludge solids plus sewage, were 
measured simultaneously in each experiment. 
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The effect of nickel on the oxidation of the activated sludge-
sewage mixed liquor was expressed as a percentage of the 22 hour oxygen 
demand of the control mixed liquor. It was reported to be 88, 68, 42, 
27, and 21 per cent for nickel concentrations of 5, 10, 25, 50, and 100 
mg/1, respectively. These investigators determined that the order of 
decreasing metal toxicity for the activated sludge-sewage mixtures tested 
was nickel, copper, trivalent chromium, cadmium, zinc, cobalt, and hexa-
valent chromium. The 79 per cent inhibition in oxygen uptake measured in 
the 100 mg/1 nickel sample was the greatest reduction found for any of 
the activated sludge-sewage mixtures studied. 
Malaney, et al (13) of the Water Resources Center, Ohio State Uni-
versity, used a Warburg respirometer in an effort to develop a laboratory 
method which might be used to predict the effects of a given metal ion 
on aerobic biological treatment units. Several metal ions, including 
nickel, were studied. The inhibition of oxygen uptake of sewage micro-
organisms in the presence of varying concentrations of the selected metal-
lic ion was employed as the means for evaluating metal toxicity. The 
mixture added to the Warburg reaction flasks was prepared by placing 
5.0 ml of simulated sewage (lactose broth) in a 100 ml volumetric flask, 
adding sufficient test ion solution to give the desired final metal con-
centration, 1.0 ml of 24 hour settled sewage seed, and diluting to the 
mark with standard BOD dilution water. A 20 ml aliquot of this mixture 
was transferred to the reaction flask. 
Oxygen utilization at 2ooc over a 144 hour period was determined. 
The oxygen uptake versus time was presented graphically for 0, 4, 8, 12, 
and 16 mg/1 divalent nickel added to this mixture as nickel sulfate. 
After 24 hours, 4 mg/1 nickel suppressed the oxygen uptake of the sewage 
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microorganisms by approximately 86 per cent. The 8, 12, and 16 mg/1 con-
centrations inhibited the uptake almost completely. However, the seed 
microorganisms were shown to recover their oxidative capacity. After 120 
hours, the 4, 8, 12, and 16 mg/1 samples exerted approximately 62, 52, 31, 
and 31 per cent of the oxygen uptake of the control sample containing no 
nickel. The authors stated that the ability of sewage microorganisms 
to acclimate to the presence of metallic ions suggested that the effect 
of shock loads of metal finishing wastes may be transitory and may not 
permanently damage aerobic treatment. 
The Warburg studies reported in this chapter (11, 12, 13) have in-
cluded a rather comprehensive range of metals and variables. None of 
these studies was specifically directed to nickel. Shock doses were 
utilized and the effect of lower nickel concentrations in the range of 
1 to 5 mg/1 was not studied. The sludge samples and the sewage seed 
employed had not received any degree of acclimation to nickel prior to 
exposure to the shock loads. Since an activated sludge sewage treat-
ment plant receiving a nickel waste may anticipate low concentrations of 
nickel in the incoming sewage from industrial rinses and other losses, 
the activated sludge may develop a significant resistance to the toxic 
effects of a somewhat higher nickel concentration. 
III. EQUIPMENT, MATERIALS, AND METHODS 
A. EQUIPMENT AND APPARATUS 
1. Activated Sludge Units. 
The activated sludge units (Figure 1) consisted of six one-liter 
graduated cylinders mounted in a plywood cabinet for stability and 
transportability. Compressed air, passed through a charcoal filter to 
remove compressor oil, was introduced into each activated sludge unit 
by a glass tube approximately 1/8 of an inch from the cylinder bottom. 
Clamps were necessary on each line to maintain a uniform flow of air 
to the unit. The rate of aeration was adjusted at a level sufficient 
to keep the activated sludge solids in continuous suspension, but low 
enough to prevent excessive evaporation and splashing losses. The units 
were allowed to aerate for 23 hours and settle for one hour each day. 
They were maintained at room temperature (21°C) in an air-conditioned 
laboratory. A plastic siphon hose was used to withdraw the required 
effluent samples. 
2. Warburg Respirometer. 
A Gilson Medical Electronics model RWBP3 Warburg respirometer 
(Figure 2), heated, refrigerated, and equipped for photosynthetic work 
was used in this investigation. This instrument was of circular con-
figuration and accommodated eighteen manometers with eighteen 125 ml 
reaction flasks which could be oscillated at variable frequency and 
amplitude. The reaction flask and manometer system enabled measurement 
of any pressure changes caused by microbial activity in the flasks, 
which could be then converted to corresponding oxygen uptake. 
15 
FIGURE 1. FILL AND DRAW ACTIVATED SLUDGE UNITS 
17 
FIGURE 2. WARBURG RESPIROMETER 
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B • MATERIALS 
1. Activated Sludge. 
The activated sludge was obtained by aeration of domestic sewage 
in a 10 liter laboratory fill and draw unit. Approximately 14 days were 
required to develop an active biologic floc. By thoroughly shaking and 
rapidly pouring the activated sludge into the one-liter graduated cylin-
ders, a uniform initial suspended solids concentration was attained for 
the six units. 
2. Raw Sewage. 
Raw sewage was collected from the by-pass chamber at the Rolla Love 
Creek trickling filter plant. Sewage was collected every three days 
and was stored at 6°C in a walk-in incubator. It was used for the daily 
feed of the activated sludge units and as the substrate in the Warburg 
respirometer studies. 
3. Nicke 1. 
Reagent grade nickelous sulfate containing six waters of hydration 
was used to prepare all stock solutions throughout this study. It was 
a crystalline salt which was readily soluble in water. 
C. PARAMETERS 
1. Chemical Oxygen Demand Determination. 
The chemical oxygen demand (COD) was the most important parameter 
employed in this study. It provided an indirect measurement of the 
quality of the effluents from the units by measuring the amount of oxygen 
required to convert the organic matter remaining in the effluent to carbon 
dioxide and water. 
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The COD apparatus used was a battery of seven reflux assemblies, 
each consisting of a 300 ml round bottom flask with a ground glass neck 
attached to a reflux condenser. 
The dilute dichromate method outlined in Standard Methods (14, 
p. 399) was used for this determination. A reflux mixture containing 
25 ml sample, 25 ml distilled water, 25 ml 0.025 N potassium dichromate, 
75 ml concentrated sulfuric acid, and a few pumice stones was refluxed for 
two hours. It was then allowed to cool, transferred into a 500 ml Erlen-
meyer flask, and diluted to 350 ml with distilled water. The remaining 
potassium dichromate was titrated with 0.025 N ferrous ammonium sulfate 
using ferroin indicator. A reagent blank containing distilled water in-
stead of sample was also run. Chloride corrections were not made. 
2. Suspended Solids Determination. 
Suspended solids were measured by the procedure described by 
Engelhrecht, et al (15) for activated sludge. The filtering apparatus 
used for this determination consisted of a pyrex glass funnel, a fritted 
glass filter support, a spring loaded clamp, and a rubber hose. A single 
membrane filter was placed in a light-weight aluminum weighing dish, 
dried at 1030C for one hour, cooled in a desiccator, and weighed. Using 
forceps to handle the membrane, the filter was placed on the filter 
support and the filtration unit assembled. A suitable sample volume 
was taken from the aeration cylinders by means of a broken-tip pippette 
and filtered under suction. The membrane filter plus solids were then 
removed with forceps and replaced in the aluminum dish, dried for one 
hour at 1030C, cooled in a desiccator, and weighed. The increase in 
weight represented the suspended solids present in the sample. 
3. Nickel Determination. 
The nickel determination was used to measure the concentration 
of nickel present in the settled effluent, in order to determine the 
amount of nickel removed from the unit. The analyses were performed 
using three-day composite samples which were collected in equal volumes 
and stored at 6°C. 
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Nickel determinations were made using the alpha-furildioxime 
method, as outlined by Taylor (16) and modified by McDermott, et al (6). 
The heptoxime method (Tentative Method) outlined in Standard Methods 
(14, p. 385) was initially employed, however, this determination was 
found to be too time consuming for the number of dilute samples analyzed 
in this investigation. 
The procedure utilized for the alpha-furildioxime method consisted 
essentially of the following steps. An appropriate sample volume, 
normally 10 ml, was subjected to nitric and sulfuric acid digestion as 
prescribed in Standard Methods (14, p. 361). The effluent sample was 
pippetted into a 125 ml Erlenmeyer flask; 5 ml of concentrated nitric 
acid were added and the mixture was gently boiled for one minute. A 
few glass beads, 5 ml of concentrated nitric acid, and 10 ml of concen-
trated sulfuric acid were then added. The solution was heated under a 
fume hood until the dense, white vapors of sulfur trioxide first appeared. 
The mixture was allowed to cool to room temperature, diluted carefully 
to approximately 50 ml with deionized water, transferred into a 100 ml 
volumetric flask, and diluted to the mark. An appropriate volume 
(usually 10 ml) of the final solution, containing between 0 and 15 pg 
of nickel, was pippetted into a 250 ml separatory funnel. The pH of 
the solution was adjusted to between 2 and 5 with sodium hydroxide in 
the presence of methyl orange indicator; Oa05 ml of 1 N potassium 
dichromate and 5 ml of 10 per cent sodium citrate solution were added 
to complex any iron present, and were followed with 0.1 gram of sodium 
thiosulfate added to reduce the possible interference of copper. Next, 
0.06 ml 50 per cent aqueous alcohol solution of alpha-furildioxime and 
0.5 ml of concentrated ammonium hydroxide were then added to form a 
yellow-colored complex with nickel. 
The color complex containing the nickel was extracted with three 
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7 ml portions of chloroform. The separatory funnel was shaken 200 times 
following each addition of chloroform. The chloroform was removed from 
the funnel and collected in a 50 ml graduated cylinder. After the final 
extraction the contents of the graduated cylinder were diluted to 25 ml 
with chloroform. Finally, per cent transmittance was read at 435 m~ 
using a Baush and Lomb Spectronic 20 spectophotometer. A reagent blank 
was prepared using the same procedure, except that deionized water was 
used in place of the digested sample. The nickel contained in the sample 
was computed through a previously prepared calibration curve. 
D. EXPERIMENTAL PROCEDURES 
1. Activated Sludge Units. 
The activated sludge units were seeded with laboratory-developed 
activated sludge and were fed with domestic sewage. Nickel sulfate 
solution was added to each unit following the daily sewage feed in 
accordance with a nickel feeding schedule. The pH of each unit was 
checked daily and found to remain between 6 and 7. 
The daily procedure for maintaining the six activated sludge units 
consisted of the following sequence: 
a. The sludge adhering to the cylinder walls was scraped into 
the mixture with a rubber policeman. 
b. The aeration tubes were withdrawn from the units and the air 
turned off. 
c. The total volume of mixed liquor in the cylinder was recorded. 
d. The sludge was allowed to settle for one hour and its volume 
recorded. 
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e. Settled effluent was siphoned off to the 500 ml level and efflu-
ent samples were collected in 250 ml Erlenmeyer flasks to be tested for 
COD, nickel, and effluent suspended solids content. 
f. Strained domestic sewage was added to raise the total volume to 
1000 ml. 
g. Appropriate doses of stock nickel solution were pippetted into 
the cylinder contents and thoroughly mixed. 
ho The aeration tubes were placed in the units and were secured. 
i. The air was turned on and its rate adjusted. 
j. The units were aerated for a period of 23 hours. 
2. Warburg Respirometer Investigation. 
A Warburg respirometer was employed to determine the effect of nickel 
on the oxygen uptake of activated sludge taken from the fill and draw 
activated sludge units. The Warburg respirometer studies were conducted 
at 2ooc, 80 to 82 oscillations, and 3.8 em excursion of the flask. 
The test procedure included the following steps: 
a. One ml of 10 per cent potassium hydroxide was pippetted into the 
center well of each Warburg reaction flask. 
b. Fifteen ml of cheese-cloth-strained domestic sewage, containing 
the appropriate nickel content, was pippetted into each flask using a 
broken-tip pippette. 
c. Ten ml of the appropriate activated sludge, which had been 
strained through a double layer of cheese cloth and had its suspended 
solids adjusted to 2400 mg/1, was added to each flask. 
d. Two thermobarometers with 25 ml of distilled water substituted 
for the sludge-sewage mixture were operated to correct for variations 
in atmospheric pressure. 
e. The reaction flasks were connected to the manometer through a 
heated vaseline seal and immersed in the water bath at a temperature of 
20°C with the stopcock open to the atmosphere. 
f. The reaction flask contents were allowed to reach a steady 
state by shaking at 80 to 82 oscillations per minute for 15 minutes. 
g. The manometer level in the leg connected to the flask (closed 
leg) was placed on the 150 rnrn index mark, the three-way stopcock was 
closed, and the manometer level in the open leg recorded. 
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h. At appropriate time intervals, the manometer level in the closed 
leg was adjusted to 150 rnrn and the level in the open leg read and re-
corded. When it was anticipated that the fluid in the open leg would 
fall below the zero level before the next reading was taken, the flask 
was reaerated. The reading in the open leg with the closed leg at 150 rnrn 
was recorded, the stopcock was opened to connect the flask with the atmos-
phere, the closed leg was adjusted to 150 mm, the open leg was read, 
and the stopcock closed. 
i. The distilled water in the water bath was maintained at a con-
stant level allowing the flasks tops to be immersed two inches below the 
surface. Approximately two liters of water was added each day to the 
tank to make up for evaporation losses. 
The net accumulative manometer differential was converted into 
oxygen uptake using the following formula (14, p. 398): 
mg/1 Oxygen Uptake ; 1,430 k h 
v 
Where: v = volume of sample, ml 
h corrected change in pressure on manometer, em 
k = flask constant. 
The flask constants, k, were computed using the following equation 
(14, p. 398): 
k = 
Where: Vg gas volume of closed system, ml 
V£ = liquid volume in flask, ml 
d = solubility of oxygen in reaction liquid 
P 0 standard pressure 
T absolute temperature, °K. 
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The gas volume of the closed system (manometer-flask) was determined 
using the water method outlined by McKinney (17, p. 109). 
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IV. PRESENTATION OF RESULTS 
The effect of nickel on activated sludge was studied using a wide 
range of nickel concentrations. A battery of six fill and draw activated 
sludge units and a Warburg respirometer were employed during the study. 
The results are presented in two groups: (a) fill and draw studies and 
(b) Warburg respirometer studies. 
A. FILL AND DRAW STUDIES 
The objectives of the fill and draw studies were to determine the 
toxicity threshold limit for nickel on activated sludge, to evaluate the 
ability of activated sludge microorganisms to acclimate to nickel present 
in domestic sewage, and to determine the ability of acclimated sludge to 
sustain the effects of a shock loading. The fill and draw units also 
provided the acclimated and nonacclimated activated sludges used in the 
Warburg respirometer studies. 
Of the six units, five were fed varying amounts of nickel, while 
one did not receive any nickel; this control unit was operated in an 
identical manner to the other units and, consequently, differences in 
effluent quality in the five units were attributed to the nickel added. 
The main test parameters used in this phase of the investigation 
were the chemical oxygen demand (COD) and nickel content of the settled 
effluent. At frequent intervals the suspended solids content of the 
mixed liquor was determined to provide a measure of the microbial popu-
lation in the system. The pH of the mixed liquor in the units was meas-
ured daily and found to remain between 6 and 7, therefore, requiring no 
adjustment. 
Before the initiation of any nickel feed, the activated sludge 
placed into each unit was allowed to acclimate to the laboratory environment 
for several days. After determining that the units contained approxi-
mately equal mixed liquor suspended solids (MLSS) concentrations, pro-
duced a clear effluent, and their sludge possessed favorable settling 
properties, the experimental run was begun. 
The nickel concentrations are reported in terms of the quantity of 
nickel added per total mixed liquor volume in the aeration unit. Since 
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a mixed liquor volume of one liter was used in the studies, the nickel 
doses reported also represent the actual amount of nickel fed to each 
unit per day. When a range of concentrations is given, it indicates the 
initial and final nickel doses added to the unit, excluding any shock 
load; between these two limits the nickel dose increased in stages. 
Details on the quantity of nickel fed to the various units can be found 
in the nickel feed schedules for run 1 and 2. 
1. Experimental Run 1. 
Nickel doses were added daily to each unit over a 21 day period in 
accordance with the nickel feed schedule shown in Table II. This 
schedule was designed in consideration of the findings of previous in-
vestigators and was expected to provide a range of nickel concentrations 
some of which would definitely be inhibitory to the system. In general, 
each unit received twice the daily nickel dose of the preceding unit. 
The results obtained from this run are presented in Table III with the 
effluent COD values for each unit also plotted in Figure 3. 
Units #1 and 2 which received lower nickel doses, increasing from 1 
to 4 mg/1 per day and from 1 to 8 mg/1 per day, respectively, showed 
generally the same response to the presence of the metal. The effluent 
COD values for these units increased during the first 10 days and then 
remained fairly constant above the control unit. Beginning with the 14th 
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TABLE II 
NICKEL FEED SCHEDULE FOR EXPERIMENTAL Ru~ 
TIME NICKEL ADDED, mg/1* 
UNIT NUMBER 
Days Control 1 2 3 I~ f 5 I 
0 0 1.0 1.0 1.0 1.0 I 1.0 I 
1 0 1.0 1.0 2.0 2.0 l 4.0 i 2 0 1.0 1.0 2.0 4.0 8.0 I 
3 0 1.5 2.0 4.0 8.0 1 2 
4 0 1.5 2.0 4.0 8.0 16 
5 0 1.5 2.0 4.0 8.0 16 
6 0 2.0 3.0 6.0 12 24 
7 0 2.0 3.0 6.0 12 24 
8 0 2.0 3.0 6.0 12 24 
9 0 2.5 4.0 8.0 16 I 32 
10 0 2.5 4.0 8.0 16 i '2 I 11 0 2.5 4.0 8.0 1() \ 52 I 
12 0 3.0 6.0 12 21~ I :. !:) I 
13 0 3.0 6.0 12 24 
I 
48 
14 0 3.0 6.0 12 24 48 
-
15 0 4.0 8.0 16 32 l 
t)l+ 
16 0 4.0 8.0 16 32 64 
17 0 4.0 8.0 16 32 
I 
64 
18 0 4.0 8.0 16 32 64 
19 0 4.0 8.0 16 32 64 I 
I I 20 0 4.0 8.0 16 32 64 J 21 0 4.0 8.0 16 32 64 
*of mixed liquor volume 
TABLE III 
EFFECT OF.NICKEL ON ACTIVATED SLUDGE 
EXPERIMENTAL RUN 1 
TIME CONTROL UNIT ifl 
Ni ADDED COD* MLSS** Ni ADDED COD MLSS 
Days rng/1 rng/1 rng/1 rng/1 rng/1 rng/1 
0 0 2140 1.0 2140 
1 0 2230 1.0 1980 
2 0 1.0 
3 0 2150 1.5 2090 
4 0 51 1.5 
5 0 52 1.5 68 
6 0 2650 2.0 2350 
7 0 2.0 
8 0 50 2.0 84 
9 0 2720 2.5 2290 
10 0 45 2.5 98 
11 0 2.5 
12 0 65 3.0 102 
13 0 2660 3.0 1920 
14 0 55 3.0 93 
15 0 3.0 
16 0 51 4.0 87 
17 0 4.0 
18 0 4.0 98 
19 0 3000 4.0 2080 
20 0 4.0 
21 0 60 4.0 101 
-
















































TABLE III (Continued) 
EFFECT OF NICKEL ON ACTIVATED SLUDGE 
EXPERIMENTAL RUN 1 
TIME UNIT i/3 UNIT i/4 
Ni ADDED COD MLSS Ni ADDED COD MLSS 
Days rng/1 rng/1 rng/1 rng/1 rng/1 rng/1 
0 1.0 2140 1.0 2140 
1 2.0 2120 2.0 2280 
2 2.0 4.0 
3 4.0 2560 8.0 2490 
4 4.0 88 8.0 
5 4.0 92 8.0 112 
6 6.0 2310 12 2450 
7 6.0 12 
8 6.0 93 12 92 
9 8.0 2260 16 2320 
10 8.0 91 16 113 
11 8.0 16 
12 12 100 . 24 119 
13 12 2360 24 2590 
14 ',.., L 98 24 116 
15 16 32 
16 16 132 32 159 
l7 16 32 
18 16 168 32 160 
19 16 2435 32 2350 
20 16 32 
21 16 179 32 210 
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day, the effluent GODs for unit 1/=2 showed a marked increase above th c 
values for unit #1 which continued at generally the same level; during 
this period unit #2 was fed a nickel dose which was two times greater 
than the nickel concentration added to unit #1. 
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Units #3 (1 to 16 mg/1 per day) and 4 (1 to 32 mg/1 per day) re-
sponded to nickel in a similar manner. As shown by the COD values, each 
unit was affected to about the same degree until the 14th day, at which 
time, the effluent CODs rose sharply. The greater nickel doses fed to 
unit #4 caused higher GODs than the corresponding values for unit #3. 
The high nickel doses in the range of 1 to 64 mg/1 per day which 
were fed to unit #5 resulted in an increase in the effluent CODs for 
the first 10 days, followed by a plateau and a very sharp increase from 
the 14th day to the completion of the run. 
After 21 days of feeding nickel, the effluent COD values for units 
11=1, 2, 3, 4, and 5 were 169, 195, 299, 356, and 443 per cent of the con-
trol unit, respectively. 
A significant effect of nickel upon the quality of the effluent 
was a marked increase in its suspended solids concentration. After 
18 days, the effluent suspended solids values for the control unit, 
and units #1, 2, 3, 4, and 5 were 35, 46, 52, 79, 162, and 200 mg/1, 
respectively. A yellowish turbidity was also observed and became more 
evident as each of the five units was fed increased quantities of nickel. 
However, throughout the run, all activated sludges demonstrated good 
settling properties. 
The mixed liquor suspended solids (MLSS) for each unit were periodi-
cally determined and are presented in Table III. The :tv1LSS content of the 
control unit increased from 2140 to 3000 mg/1 during the run. The MLSS 
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contents of the units fed with nickel remained fairly constant in the 
range of 2000 to 2500 mg/1; however, they did not manifest a trend which 
could be attributed to the amount of nickel received by each unit. Since 
both dormant and viable microorganisms would be measured as suspended 
solids, this parameter would not provide a direct measure of the active 
microbial population. 
2. Experimental Run 2. 
The purpose of this run was to determine the toxicity threshold 
limit for the system, to evaluate the validity of the results obtained 
in experimental run 1, and to study the ability of different sludges 
to sustain shock loads of nickel. The amount of nickel present in the 
settled effluent was also measured. 
Based upon the data obtained from the preceding run, an improved 
nickel feed schedule was designed (Table IV). Since the lowest range 
of nickel doses previously used (1 to 4 mg/1 per day) were inhibitory 
to activated sludge in terms of effluent COD content, the lowest nickel 
doses for this run (unit #1) were selected to increase from 0.5 to 
2 mg/1 per day. Units #2 (1 to 4 mg/1 per day), 3 (1 to 8 mg/1 per day), 
and 4 (1 to 16 mg/1 per day) for experimental run 2 corresponded to 
units #1, 2, and 3, respectively, of the preceding run in the amount of 
nickel fed daily. The total amount of nickel added to units #4 and 5 
at the end of 17 days was approximately the same; however, unit #5 re-
ceived a constant nickel dose of 8 mg/1 per day, while unit #4 received 
nickel doses varying from 1 to 16 mg/1 per day. At the termination of 
the regular scheduled feeding, two shock nickel doses of 30 mg/1 per day 
were added to each unit, including the control unit. The results 
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TAnLE IV 
NICKEL FEED SCHEDULE FOR EXPERIMENTAJ~ RUN 2 
TIME NICKEL ADDED, mg/1* l 
UNIT NUMBER 
Days Control 1 2 3 4 5 
0 0 0.5 1.0 1.0 1.0 8.0 
1 0 0.5 1.0 1.0 2.0 8.0 
2 0 0.5 1.0 1.0 2.0 8.0 
3 0 0.75 1.5 2.0 4.0 8.0 
4 0 0.75 1.5 2.0 4.0 8.0 
5 0 0.75 1.5 2.0 4.0 8.0 
6 0 1.0 2.0 3.0 6.0 8.0 
7 0 1.0 2.0 3.0 6.0 8.0 
8 0 1.0 2.0 3.0 6.0 8.0 
9 0 1.25 2.5 4.0 8.0 8.0 
10 0 1. 25 2.5 4.0 8.0 8.0 
11 0 1. 25 2.5 4.0 8.0 8.0 
12 0 1.5 3.0 6.0 " " LL 8.0 ; 
13 0 1.5 3.0 6.0 12 ! 8.0 
14 0 1.5 3.0 6.0 12 8.0 
15 0 2.0 4.0 8.0 16 8.0 
16 0 2.0 4.0 8.0 16 8.0 
17 0 2.0 4.0 8.0 16 8.0 
18 0 2.0 4.0 8.0 16 8.0 
19 30 30 30 30 30 30 
20 30 30 30 30 30 I 30 
21 0 0 0 0 0 I 0 
22 0 0 0 0 0 0 
23 0 0 0 0 0 0 
*of mixed liquor volume 
obtained from this run are presented in Table V and the effluent COD 
values are plotted in Figure 4. In addition to the parameters used in 
experimental run 1, effluent nickel concentrations were determined. 
The effluent COD values for unit 1frl increased steadily until the 
13th day and then generally decreased as progressive acclimation occur-
red; the effluent COD prior to shock loading (19th day) was only 9 mg/1 
greater than the corresponding value for the control unit. 
During the early part of the run, the response of units #2, 3, and 
4 to increasing nickel doses was similar, with some exceptions. The 
effluent CODs for these units remained within approximately 20 mg/1 of 
each other until the 13th day; thereafter, the effluent COD values for 
units #2 and 3 decreased, while those for unit #4 increased sharply. 
The COD data for unit #5 indicated the same trends as the data for unit 
#4, except that the sharp increase in effluent COD was noted on the 9th 
day, which was 4 days earlier than in unit #4. The earlier failure of 
unit #5 may be attributed to the fact that this unit was fed a constant, 
relatively high (8 mg/1 per day) nickel dose. 
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After 19 days of nickel feeding, the effluent COD values for units 
#1, 2, 3, 4, and 5 were 110, 109, 130, 169, and 167 per cent of the con-
trol, respectively. 
A comparison of the COD data for units #1, 2, and 3 of the previous 
run (Figure 3) with the data from units #2, 3, and 4 of this run (Figure 4) 
will show that the effluent CODs of the comparable units generally fol-
lowed similar trends, although the values were markedly closer to the 
COD of the control unit in the second run. Units #1, 2, and 3 of ex-
perimental run 1 received the same doses of nickel as units #2, 3, and 
4 of experimental run 2, respectively. 
TAELE V 
EFFECT OF NICKEL ON ACTIVATED SLUDGE 
EXPERIMENTAL RUN 2 
TIME CONTROL UNIT ill UNIT if2 
Ni EFFLUENT MLSS;\-'i> Ni EFFLUENT MLSS Ni EFFLUENT MLSS 
ADDED Ni COD* ADDED Ni*"'* COD ADDED Ni COD 
CONC. CONC. ' CONC. 
Days mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 
0 0 2400 0.5 2400 1.0 2400 
1 0 
-- 2370 0.5 0.4 2350 1.0 0.7 2360 
2 0 75 0.5 79 1.0 85 
3 0 o. 75 1.5 
4 0 -- 67 0. 75 0. 7 81 1.5 2.4 113 
5 0 0.75 1.5 
6 0 1.0 2.0 
7 0 -- 67 1.0 1.4 86 2.0 3.1 110 
8 0 1.0 2.0 
9 0 50 1.25 89 2.5 102 
10 0 -- 1.25 2.5 2.5 4.4 
11 0 2420 1. 25 1720 2.5 2420 
12 0 1.5 3.0 
13 0 
--
76 1.5 2.1 104 3.0 3.2 115 
14 0 1.5 3.0 
15 0 1910 2.0 1995 4.0 1440 
16 0 
--
2.0 3.5 4.0 5.5 
17 0 76 2.0 91 4.0 107 
18 0 2.0 4.0 
19 30 91 1660 30 100 1540 30 99 1670 
20 30 14.8 177 30 16.2 155 30 16.6 134 
21 0 164 0 155 0 151 
22 0 0 0 
23 0 9.0 139 0 9.9 154 0 9.9 144 ~ 2lf 0 1580 0 llf90 0 --'--~ 720 ~----
*Chemical Oxygen Demand; ;\-;'>Hixed Liquor Suspended Solids; *~';~';Based on 3-day composite samples; except for 
values reported on 20th day which are 2-day composites (19th & 20th day), and values reported 0n 23rd day 




TIME UNIT #3 
Ni EFFLUENT 
ADDED Ni COD 
CONC. 
Days mg/1 mg/1 mg/1 
0 1.0 
1 1.0 0.6 
2 1.0 88 
3 2.0 
4 2.0 3.5 114 
5 2.0 
6 3.0 
7 3.0 4.5 114 
8 3.0 
9 4.0 132 
10 4.0 5.5 
11 4.0 
12 6.0 
13 6.0 5.2 117 
14 6.0 
15 8.0 
16 8.C 9.6 
17 8.0 110 
18 8.0 
19 30 118 
20 30 18.5 144 
21 0 145 
22 0 
23 0 10.9 154 
24 0 
'------··· -
TABLE V (Continued) 
EFFECT OF NICKEL ON ACTIVATED SLUDGE 
ExPERIMENTAL RUN 2 
UNIT #4 
MLSS Ni EFFLUENT MLSS 
ADDED Ni COD 
CONC. 
mg/1 mg/1 mg/1 mg/1 mg/1 
2400 1.0 2400 
2300 2.0 2.2 2490 
2.0 92 
4.0 
4.0 2.7 111 
4.0 
6.0 




2320 8.0 2580 
12 
12 9.6 112 
12 




2090 30 154 2080 
30 20.0 167 
0 176 
0 
0 15.7 180 
2160 0 2270 
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Beginning with the 19th day all units, including the control, were 
exposed to a high nickel dose of 30 rng/1 per day for two days and then 
fed domestic sewage without any nickel for four days. The shock doses 
resulted in significantly increased effluent CODs. The effect was 
particularly noticeable in the control unit, which had not been previ-
ously exposed to nicke 1 and in units ://:2 and 3 which received the lower 
nickel doses. 
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The quality of the effluent in the five units exposed to nickel 
could also be evaluated visually in terms of the clarity of th~ efflu-
ent. All units fed nickel showed a yellowish color turbidity which be-
carne more intense as the run progressed and the nickel feeds increased. 
Visual observation was in one instance verified by actual measurement; 
the effluent suspended solids content of the control and units #1, 2, 3, 
4, and 5 were found to be 51, 55, 60, 81, 117, and 115 rng/1, respec-
tively, after 20 days of operation. 
The MLSS of all units were determined periodically and the values 
obtained are shown in Table V. It should be pointed out that activated 
sludge samples were frequently withdrawn from the control and units i/:1 
and 2 for use in the Warburg respirometer studies; these removals are 
reflected in the MLSS measured in these units. 
The effluent nickel concentrations were determined in three-day 
composite samples and are shown in Table V. In general, the nickel con-
centration in an effluent increased in proportion to the nickel dose 
added to the particular unit. It may be seen that significant amounts 
of nickel remained in the effluent. 
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B. WARBURG RESPIROMETER STUDIES 
The purpose of the Warburg respirometer studies was to further 
evaluate the toxic effect of nickel on both acclimated and nonaccli-
mated activated sludge over a comprehensive range of nickel concentra-
tions and to evaluate the viability of activated sludge previously sub-
jected to different nickel feeds. These studies were performed concur-
rently with the second fill and draw run. All tests were performed using 
10 ml of activated sludge with a MLSS concentration of approximately 
2,430 mg/1 and 15 ml of fresh sewage (used within 16 hours after it was 
collected) which contained appropriate concentrations of nickel. 
The oxygen uptake graphs presented in the following pages have been 
continued to 51 hours only because the data beyond this time did not 
indicate any significant changes in trend. The tabulated values, how-
ever, present all data including those obtained beyond the 51 hours. 
1. Effect of Nickel on Nonacclimated Activated Sludge. 
For this Warburg respirometer run, sludge was withdrawn from the 
control activated sludge unit and exposed to nickel concentrations of 
0, 1.5, 3, 6, 9, 12, 18, and 30 mg/1. Duplicate samples were used. 
These results are presented in Table VI and are plotted in Figure 5. 
For the first 26 hours of the run, higher nickel concentrations 
resulted in greater inhibition of oxygen uptake. However, after 27 
hours, the oxygen uptake of the 6 mg/1 nickel sample slightly exceeded 
that of the 3 mg/1 sample. Concentrations of nickel as low as 1.5 mg/1 
produced small, but definite suppression of the oxygen uptake. Lag 
periods were noted with the 6, 9, 12, and 18 mg/1 nickel samples. A 
significantly reduced oxygen uptake was determined in the sample to 
which the highest nickel dose of 30 mg/1 was added; at the end of 51 

























































WARBURG RESPIRmiETER STUDIES 
EFFECT OF NICKEL ON NONACCLIHATED ACTIVATED SLUDGE7• 
NICKEL ADDED, mg/1 
1.5 3.0 6.0 9.0 12 
' OXYGEN UPTAKE, mg/1 
30 33 29 25 14 
75 71 59 47 33 
120 102 83 80 48 
192 150 120 106 72 
314 230 148 145 99 
510 386 281 218 148 
667 582 546 405 262 
722 632 624 530 341 
771 678 678 635 436 
840 738 727 704 590 
890 790 771 744 668 
944 847 820 778 732 
974 870 838 808 741 
1121 956 914 881 812 
J 1146 1030 980 939 871 
--- ---------- --- --'------- --- --------- -- ---























2. Effect of Nickel on Activated Sludge Acclimated to 1.5 mg/1 Nickel. 
The activated sludge utilized for this Warburg study was collected 
from unit #2; it had received a daily nickel dose of 1 to 1.5 mg/1 per 
day. The concentrations of nickel added to the sewage feed were 0 3 
' ' 
9, 12, 18, 30, and 60 mg/1. In addition, a sample containing control 
activated sludge and sewage was employed, in order to provide a means 
for the comparison of the biological activity of the acclimated and 
control activated sludges. Duplicate samples were used. The data ob-
tained are presented in Table VII and Figure 6. 
During the first two hours, all samples experienced a lag period 
after which the rate of oxygen uptake increased inversely as the metal 
concentration. An exception was noted with the 3 mg/1 sample which, 
beginning with the 14th hour, exhibited an uptake slightly higher than 
the corresponding sample containing no nickel. The rate of oxygen 
uptake for the control sample was noticeably lower than the rate for 
the acclimated sample to which nickel was not added. It was also lower 
than the rate measured in the preceding run. 
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A comparative evaluation of the oxygen uptake curves for the accli-
mated (Figure 6) and nonacclimated (Figure 5) activated sludges clearly 
demonstrated that the activated sludge previously fed low amounts of 
nickel exerted a significantly greater demand for oxygen when subjected 
to different nickel concentrations. 
3. Effect of Shock Doses on Nonacclimated and Acclimated Activated Sludge. 
In order to evaluate the effect of higher nickel concentrations on 
acclimated sludge, two Warburg respirometer runs were made. The samples 
used were withdrawn from unit #1 while receiving a daily nickel feed 
TABLE VII 
WARBURG RESPIROMETER STUDIES 
EFFECT OF NICKEL ON ACTIVATED SLUDGE* ACCLIMATED TO 1.5 mg/1 NICKEL 
··~,~, 
TIME NICKEL ADDED, mg/1 
CONTROL 0 3.0 5.0 12 18 
Hours OXYGEN UPTAKE, mg/1 
0.2 2 7 8 5 3 4 
2.2 14 17 19 12 8 8 
3.5 49 51 47 26 22 14 
4. 7 68 70 65 35 33 20 
7.5 100 102 101 62 51 34 
11.0 124 127 127 90 78 48 
13.5 140 145 145 112 99 60 
15.5 159 159 168 127 117 69 
18.0 170 177 184 142 140 87 
19.5 175 184 192 154 149 97 
22.5 190 205 212 171 162 119 
26.0 209 227 233 190 185 142 
31.5 229 254 261 214 210 170 
38.0 248 278 284 235 231 197 
41.7 264 294 300 249 244 215 
52.5 303 340 349 Z90 290 258 
61.5 334 366 389 323 324 284 
67.5 356 388 418 350 348 304 
72.7 373 402 442 378 377 317 
89.5 422 483 515 440 425 361 
--- -- ---·-
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of 1.25 mg/1 per day in the initial run and 2.0 mg/1 per day in the 
second run. 
The nickel concentrations added in the first run were 0 60 90 
' ' ' 
and 120 mg/1. The data presented in Table VIII and plotted in Figure 7 
represent the results of duplicate samples. It can be seen that all 
three acclimated samples were less inhibited by the nickel present than 
the corresponding nonacclimated samples. The oxygen uptake exerted by 
all samples to which nickel was added was approximately the same after 
9 hours; however, the effect of acclimation and nickel concentration be-
came more evident with increasing time. For all practical purposes, 
identical values were obtained for both the 60 and 90 mg/1 nickel ac-
climated sludge samples and both the 60 and 90 mg/1 nonacclimated samples. 
The second Warburg run employed a wider range (0, 30, 90, 120, 150, 
and 240 mg/1) of nickel concentrations; the higher values were used 
because they were expected to significantly reduce the oxygen uptake, 
while the lower values were~ployed in order to verify the findings of 
previous runs. The oxygen uptake values measured in this run are pre-
sented in Table IX and plotted in Figure 8. 
Both the acclimated and the control sludges were seriously sup-
pressed at nickel concentrations of 90 mg/1 or higher. The uptake values 
in both acclimated and control samples receiving nickel doses of 120, 150, 
and 240 mg/1 were grouped so close together that a shaded range rather 
than individual curves are shown for these values. The acclimated sludge 
exhibited a higher oxygen demand than the nonacclimated sludge at 30 and 
90 mg/1 nickel. While at 30 mg/1 both the acclimated and nonacclimated 
samples exerted over 50 per cent of the uptake of the respective con-
trols, at 90 mg/1 the activity was rather limited. 
TABLE VIII 
WARBURG RESPIROMETER STUDIES 
EFFECT OF SHOCK DOSES OF NICKEL ON NONACCLIMATED ACTIVATED SLUDGE 
AND ACTIVATED SLUDGE ACCLIMATED TO 1.25 mg/1 NICKEL 
-~-~-
I TIME ACTIVATED SLUDGE 
NONACCLIMATED'"' ACCLIMATED** 
NICKEL ADDED, mg/1 
0 I 60 90 120 0 60 
Hours OXYGEN UPTAKE, mg/1 
0.7 18 6 8 7 17 7 
1.7 42 10 11 12 34 11 
2.7 67 13 13 14 55 14 
5.2 118 22 23 24 106 23 
9.0 146 28 29 28 137 30 
10.2 164 35 35 33 157 39 
11.7 181 39 39 36 175 42 
16.5 206 45 44 41 204 52 
23.2 238 55 55 49 241 69 
29.2 264 64 65 52 270 85 
33.2 286 75 78 58 294 101 
39.2 308 91 91 62 319 116 
45.7 334 103 105 68 348 133 
54.7 364 120 122 76 379 156 
58.7 376 125 130 80 392 164 
64.7 392 134 137 86 405 177 
-~------
*Withdrawn from Control Unit 
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WARBURG RESPIROMETER STUDIES 
EFFECT OF SHOCK DOSES OF NICKEL ON NONACCLIMATED ACTIVATED SLUDGE 




NICKEL ADDED, mg/1 
0 30 90 120 150 240 0 30 90 120 150 
Hours OXYGEN UPTAKE, mg/1 
0.7 10 7 5 5 6 3 13 5 6 2 3 
2.0 37 12 9 7 10 7 36 10 10 4 5 
4.2 87 21 15 14 16 11 77 17 14 10 11 
6.2 121 27 20 19 19 17 114 25 20 17 17 
9.5 151 36 25 23 25 21 149 34 23 20 19 
12.2 164 43 27 25 26 23 162 41 26 20 20 
14.7 172 48 28 26 27 23 170 49 29 23 22 
21.7 199 66 34 32 31 29 195 71 36 26 24 
28.7 223 82 38 33 33 29 214 89 40 29 27 
37.5 251 106 43 39 36 32 237 112 48 34 31 
49.2 276 142 56 46 42 39 266 148 65 42 36 
54.7 289 162 61 49 47 39 278 163 73 51 42 
62.7 310 180 68 55 48 41 293 187 85 56 44 
71.0 330 208 78 62 51 41 308 209 96 63 47 
' ------
L_ __ ---
*Withdrawn from Control Unit 
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52. 
The oxygen uptake values measured in the two runs at a 90 mg/1 
nickel dose, for both the acclimated and nonacclimated sludges, were 
considerably lower in the second run. The oxygen uptake for the sludge 
sewage mixtures without any nickel addition was also significantly less 
during the second run. Since equal volumes (15 ml) of substrate were 
used in both runs but the sewage was collected at different times the 
' 
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differences noted in oxygen uptake may be attributed to the strength and 
quality of the sewage used. 
4. Evaluation of the Condition of Activated Sludges Acclimated to 
Different Nickel Doses. 
These Warburg respirometer runs were designed to evaluate the bio-
activity of the activated sludge in the six fill and draw units prior to 
and after the application of the shock nickel doses. 
In the first run, sewage and sewage containing sufficient nickel 
to provide an additional 30 mg/1 nickel concentration were added to 
activated sludge samples from each fill and draw unit. The data ob-
tained in this study are presented in Table X and plotted in Figure 9. 
Considering the activated sludge samples which received only sewage, 
it was found that all samples from fill and draw units which were fed 
nickel for 19 days (units #1, 2, 3, 4, and 5) exerted an oxygen demand 
below that of the control sample. The oxygen uptake decreased as the 
level of nickel which had been previously added to the units increased. 
The activated sludge microorganisms withdrawn from units #1, 2, and 3 
were still quite active while those removed from units #4 and 5 were defi-
nitely affected by the addition of nickel. 
TABLE X 
WARBURG RESPIROMETER STUDIES 
EVALUATION OF THE CONDITION OF ACTIVATED SLUDGES ACCLIMATED TO DIFFERENT NICKEL DOSES 
TIME ACTIVATED SLUDGE* 
Control Unit #1 Unit #2 Unit #3 Unit ifo4 
NICKEL ADDED, mg/1 
0 I 30 0 30 0 30 0 30 0 30 0 
Hours OXYGEN UPTAKE , mg/ 1 
0.7 17 7 10 6 8 6 7 5 5 3 5 
1.7 44 13 32 11 26 13 17 11 12 6 8 
3.7 95 22 72 22 54 22 35 19 19 15 15 
5.7 147 28 108 30 80 38 51 26 29 18 26 
14.2 224 44 196 45 170 59 105 44 49 31 44 
18.0 242 49 214 58 209 68 128 51 57 37 53 
22.7 263 58 236 71 236 79 159 60 65 43 62 
29.2 289 69 254 87 252 93 195 70 77 49 74 
32.7 308 79 273 100 269 107 227 81 87 56 82 
40.7 338 96 296 120 288 122 271 88 100 62 93 
46.7 358 109 312 137 302 136 291 97 108 65 103 
56.0 388 132 336 163 308 155 314 110 132 75 117 
67.0 422 160 359 192 342 174 336 121 144 79 130 
77.5 444 189 377 217 360 192 356 126 152 87 140 
-
'----~ ,______ ..._ 1..--. 
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In the presence of a 30 mg/1 nickel concentration, the oxygen uptake 
values for the activated sludge samples withdrawn from units itl and 2 
were higher than the corresponding values for the control activated 
sludge. The uptake of unit #3 was approximately the same as that of 
the control for the first 34 hours; however, thereafter the oxygen up-
take rate of the control unit was higher. Units if4 and 5 which were fed 
nearly equal amounts of nickel during the fill and draw studies, al-
though at different rates, exerted approximately the same oxygen demand; 
the activity in both these units was seriously inhibited. 
The fill and draw activated sludge samples utilized in the second 
Warburg respirometer run were previously subjected to two shock doses 
(30 mg/1 per day) and were allowed a two-day recovery period during which 
only sewage was fed to the units. The microbial activity of each acti-
vated sludge was evaluated in the presence of sewage and sewage contain-
ing an additional 15 mg/1 of nickel. The results of this run are pre-
sented in Table XI and are plotted in Figure 10. 
The activated sludge samples taken from unit itl and the control 
unit demonstrated an equal capacity to carry on biological oxidation 
in the presence of sewage during the first 16 hours. However, unit c/fl 
continued to use a significant amount of oxygen while the rate of acti-
vity in the control unit progressively decreased to the end of this run. 
In the presence of the nickel-sewage feed, the activated sludge taken 
from unit #1 and the control unit again exerted the greatest oxygen up-
take. Activated sludge samples taken from units #2, 3, 4, and 5 were 
seriously inhibited both in the presence and absence of the additional 

















WARBURG RESPIROMETER STUDIES 
EVALUATION OF THE CONDITION OF ACTIVATED SLUDGES EXPOSED TO DIFFERENT NICKEL DOSES 
AND A SHOCK DOSE OF 30 mg/1 NICKEL 
ACTIVATED SLUDGE* 
Control Unit #1 Unit #2 Unit 1ft3 Unit 1ft4 
NICKEL ADDED, mg/1 
0 15 0 15 0 15 0 15 0 I 15 0 
OXYGEN UPTAKE, mg /1 
10 7 10 9 8 6 5 5 5 2 5 
25 17 26 24 21 15 15 12 14 11 11 
36 29 50 39 33 27 30 22 26 22 23 
74 44 77 55 50 39 49 35 44 33 42 
148 79 147 95 86 74 92 66 86 64 82 
176 97 192 115 106 89 112 79 103 78 99 
194 110 229 128 117 100 129 87 115 96 109 
226 135 285 154 142 119 163 103 135 115 127 
246 154 322 176 163 136 196 117 152 129 145 
282 186 370 211 198 165 239 143 178 154 178 
303 206 396 231. 218 174 268 155 193 182 198 
319 218 421 242 230 185 288 163 204 189 209 
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It may be seen from the results presented in tl1e preceding section 
that acclimated activated sludge which previously received sm~ll doses of 
nickel was more effective than nonacclirnated sludge in treating dorne~tic 
sewage containing nickel. 
The chemical oxygen demand (COD) was employed as tl1e main p~r~metcr 
in evaluating effluent quality because it was an accepted meast1roment 
of the strength of the effluent, it was not affected by toxic matori; 1ls, 
it could be determined in a relatively short period of time, ilnd had 
been successfully employed in previous investigations (6, 9). 
chemical oxygen demand (BOD) determination was not used because of 
the possibility of inhibition of the seed microorganisms by the nickel 
present in the effluent sample, and the considerably lon?,er time required 
for the completion of this test. Although Stones (18) reported that 
nickel and other metals may inhibit the ability of the seed microorg::misms 
to exert the full 5-day BOD of the samples, McDermott, ct al (6) did 1wl 
find any evidence to this effect in their studies; hm-.rcvcr, as noted in 
the review of literature, the COD and BOD values did not correlate in all 
their experimental runs. 
Since neither the COD of the effluent or the mixed liquor suspended 
solids provided a direct indication of the "shape" of the activated 
sludge, the fill and draw investigations \verc complemented with Harburg 
respirometer studies. The Warburg respirometer was cap~ble of mcasurin~ 
the oxygen uptake in up to 16 samples per run and made possible thl' CC' 1-
lection of large amounts of valuable data within a short time. 
a pilot plant study would yield data which can often be directly corre-
lated with the anticipated performance of an actual treatment process, 
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the number of quantities which may be varied during a reasonable period of 
time is dependent upon the labor and physical resources available to the 
investigator. Therefore, the Warburg respirometer was used to evaluate 
the response of both nonacclimated and acclimated activated sludge de-
veloped during the fill and draw studies to comparable nickel doses and 
to determine the performance of these sludges when subjected to a wide 
range of nickel concentrations. It should be pointed out that previous 
investigations pertaining to the toxic effects of nickel on activated 
sludge employed either a pilot plant or a Warburg respirometer, and no 
study was reported in the literature which employed both of these tools, 
or attempted to correlate oxygen uptake values with pilot plant perfor-
mance. 
As shown in Figures 3 and 4, the toxicity of the metal was time 
dependent. Rapid degeneration in effluent quality was manifested at 
the end of approximately 10 to 14 days for those units which had received 
the higher daily nickel doses. This phenomenon indicated that although 
an activated sludge may be expected to produce a low quality effluent in 
the presence of high nickel concentrations, the activated sludge may not 
display decisive failure until after several days. A characteristic 
peak was also recognized in the effluent COD curves for a number of the 
units during experimental runs 1 and 2. The peak normally appeared sooner 
for those units fed higher nickel concentrations. After the peak the 
unit either demonstrated greater acclimation or serious retardation. It 
is believed that this peak in effluent COD may be attributed to the death 
of less resistant species of microorganisms followed by the dominance of 
the more resistant species. These microorganisms either further accli-
mated to the higher nickel concentrations or, as was the case in several 
units, lost their ability to breakdown the organic matter. 
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The results of the first fill and draw run indicated that even the 
two lower nickel concentration ranges which increased in stages from 1 
to 4 mg/1 and from 1 to 8 mg/1, respectively, affected the effluent 
quality in terms of COD and effluent suspended solids. During this run, 
unit #1 produced generally the same quality effluent in the presence of 
the 2.5 mg/1 nickel dose as in the presence of the 4.0 mg/1 dose; this 
would indicate acclimation of the activated sludge microorganisms to 
the toxic nickel. Further investigation of the 1 to 4 mg/1 nickel con-
centration range during the second fill and draw run found the activated 
sludge again acclimating to the nickel feed; it is of interest that this 
unit produced an effluent of lower organic content (compared to the con-
trol unit) after 19 days while receiving a 4 mg/1 nickel dose, than when 
it received 1 mg/1 two days after the initiation of nickel feeding. The 
activated sludge unit which was fed 0.5 to 2.0 mg/1 nickel also demon-
strated an increased tolerance to the metal. 
Since the nickel concentrations fed to the units were increased in 
stages, the toxicity threshold limit concentration for nickel was not 
definitely established. Depending upon the length of exposure to nickel, 
the strength of the sewage, and the condition of the activated sludge, 
this threshold limit would probably be in the range of 2 mg/1 in terms 
of effluent COD and suspended solids. McDermott, et al (6) found 1 mg/1 
to be the toxicity threshold limit for acclimated activated sludge based 
primarily upon objectionable effluent turbidity. 
Units #4 and 5, run 2, were fed approximately the same total amount 
of nickel, but in a different manner; unit #5 received a constant daily 
nickel dose, while unit #4 received doses increasing in stages. A com-
parison of the results obtained would indicate that, based on effluent 
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COD and suspended solids, no apparaent advantage was gained from increas-
ing the nickel feed in stages. Both units were seriously affected by the 
metal as may be seen by the low oxygen uptake exerted (Figure 9) and the 
high effluent CODs (Table V) and suspended solids. 
Some of the data obtained in the fill and draw studies are sum-
marized in Table XII to enable comparison between the two runs made. 
Also included in this table are oxygen uptake data from a Warburg respi-
rometer run made to determine the condition of the activated sludges in 
run 2 after they had been exposed to different nickel doses for a period 
of 19 days. Increased nickel concentrations in the sewage fed to the 
units detrimentally affected the quality of the effluent from the units 
as indicated by COD content, suspended solids, and nickel concentration; 
the oxidative capacity of the sludges was also impaired as demonstrated 
by their oxygen uptake. 
A comparison of the effluent COD and suspended solids data from the 
two fill and draw runs, and particularly of the data for the three units 
which were fed the same nickel doses, would indicate that in terms of 
per cent of the control, considerably higher values were obtained in run 
1 than in run 2. The actual values, however, were generally lower for 
the first run. The increased CODs and suspended solids in run 2 may be 
attributed, in part, to a stronger feed sewage; this is indicated by the 
COD and suspended solids values of the two control units which were 51 
and 35 mg/1 and 88 and 51 mg/1, respectively, for runs 1 and 2. Accord-
ing to Heukelekian and Gellman (12), "For a given toxic metal ion concen-
· d 1.·n sewage strength results in increased retardation trat1.on, a ecrease 
of oxygen uptake." Therefore, since the sewage used in the first run was 
h · effect of nl.·ckel would be more pronounced and would weaker, t e tox1.c 
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The effluent COD and suspended solids for a particular unit generally 
correlate well. The increase in effluent suspended solids in the units 
receiving increased nickel doses may be explained, at least in part, 
on the basis of the microscopic examinations by Hill (10). This investi-
gator noted the absence of two genera of protozoa, the paramecia and 
vorticellae, in nickel fed activated sludge units producing turbid efflu-
ents. The presence of protozoa, rotifers, and other higher animals is 
essential for the proper clarification of the effluent from the activated 
sludge treatment process. These organisms are scavengers which feed 
upon bacteria and other solid organic particles, and thereby help "polish 11 
the effluent. Their absence from an activated sludge system would be 
manifested by an increased suspended solids content of the effluent due 
to the presence in it of large amounts of bacteria. Since bacteria con-
sist, on a dry basis, of approximately 90 per cent organic matter (17, 
p. 32), their presence in the effluent would also result in an increased 
COD. Therefore, the need for additional work by microscopic examination 
and other methods to determine the effect of nickel on the microbial popu-
lation of the activated sludge system is apparent. These microbial 
studies would establish whether protozoa are present in nickel fed acti-
vated sludge and further define their role in the proper function of 
this treatment process. 
The oxygen uptake data shown in Table XII reflect the condition 
of the activated sludge units and support the effluent COD and suspended 
solids findings. During the second run, the effluent COD for units #1 
and 2 were only slightly higher than the COD of the control unit; cor-
respondingly, the oxygen uptake of these units was close to that of the 
control. The oxygen uptake values for units #3, 4, and 5 were considerably 
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below the values for the control; as might be anticipated, the effluent 
GODs for these units were well above the COD of the control. 
The effluent nickel concentrations were measured to determine the 
fate of the nickel added to the units. In general, an increase in 
effluent nickel concentration accompanied increased nickel feeds. In 
many cases, the effluent nickel concentration was higher than the nickel 
dose fed to a particular unit at a certain time. This was the result of 
the residual nickel present in the unit"after 500 ml of the settled cfflu-
ent was removed. A complete balance was made for the nickel fed to and 
removed from the five units in the second run and is presented in Table 
XIV in the appendices. Previous studies have shown that although other 
plating metals, such as chromium, copper, and zinc, were effectively 
absorbed on and removed by activated sludge (19), only about 25 to 30 
per cent of the nickel is removed in this treatment process (6, 7). The 
significant amounts of nickel found in the effluents from the units tend 
to indicate that the sludge had little ability to remove nickel. 
Since neither primary sedimentation or activated sludge treatment 
are very effective in removing nickel, a significant portion of the nickel 
reaching a treatment plant can be expected to be discharged with the ef-
fluent. Although the 1962 Drinking Water Standards (20) do not place a 
limit on the allowable nickel concentration in drinking water, at least 
one city, Raleigh, North Carolina, has limited the allowable nickel con-
centration in an industrial plant effluent to 0.1 mg/1 (1). This was 
necessary because the treated effluent was part of the community Hater 
supply a short distance downstream from the plant. The most desirable 
method of removal of nickel from a waste would be treatment at the indus-
trial site. · f apprecl·able amount of nickel reaches the However, l an 
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municipal treatment plant and local conditions dictate its removal, chemi-
cal precipitation with lime may be employed to reduce the nickel concen-
tration by about 50 per cent (7). 
Several Warburg respirometer runs were made using both acclimated 
and nonacclimated activated sludge to evaluate the effect of different 
nickel concentrations, including shock doses. The cumulative oxygen 
uptake values were plotted against time to facilitate the evaluation of 
the results. 
Twenty-four and 48-hour oxygen uptake values are summarized in 
Table XIII which was prepared on the basis of Figures 5, 6, and 7 to 
enable the comparison of the oxidative capacity of acclimated and non-
acclimated sludges exposed to varying nickel concentrations. The values 
have been reported as per cent of the uptake of the corresponding acti-
vated sewage to which no nickel had been added. The oxygen uptake for 
the activated sludge which was previously exposed to nickel was greater 
than the uptake for the nonacclimated activated sludge. 
The oxygen uptake exerted by the nonacclimated activated sludge was 
found to be less for each increase in nickel concentration. The 1.5 mg/1 
nickel dose did not, for all practical purposes, reduce oxygen utilization 
by the sludge, while the 3o0 and 6.0 mg/1 concentrations affected it to 
a small extent; these two doses were found to be of the same relative 
toxicity after 24 and 48 hours. For nickel additions of 12, 18, 30, 60, 
90, and 120 mg/1, the activated sludge acclimated somewhat between 24 and 
48 hours and this was reflected in the higher per cent uptake values obtained 
at 48 hours as compared to those measured at 24 hours. 
TABLE XIII 
OXIDATIVE CAPACITY OF ACCLIMATED AND NONACCLI~~TED ACTIVATED SLUDGE 
ACTIVATED TIME OXYGEN UPTAKE %* 
' SLUDGE NICKEL ADDED Hours 0 1.5 3.0 6.0 9.0 
Non-
Acclim. 100 97 86 86 76 
24 
Ace lim. 
to 1. 5 mg/1 100 -- 103 -- 84 
Non-
Ace lim. 100 96 81 79 74 
48 
Acclim. 
to 1.5 mg/1 100 -- 103 -- 90 
-
*Expressed in terms of the oxygen uptake of the control. 































The acclimated activated sludge was less inhibited by the presence 
of nickel. The cumulative oxygen uptake value for the sample to which 
3.0 mg/1 nickel was added was greater than that for the corresponding 
sample to which nickel was not added. The oxygen uptake by the acclimated 
activated sludge exposed to nickel doses varying from 6 to 12 mg/1 was 
relatively close to the uptake of the 0 mg/1 sampleo However, the 
difference in oxidative capacity between the acclimated and nonaccli-
mated sludges was less prominent when they were exposed to shock nickel 
doses of 60 mg/1 and higher. 
Heukelekian and Gellman (12), using similar laboratory procedures, 
found that the 22 hour oxygen uptake values, expressed as a per cent of 
the control, were 88, 68, 42, 27, and 21 for nickel doses of 5, 10, 25, 
50, and 100 mg/1, respectively. The sludge-sewage mixture used by 
Heukelekian and Gellman was 33 per cent activated sludge and 67 per cent 
sewage containing nickel, while the present study employed 40 per cent 
sludge and 60 per cent sewage. The oxygen uptake values reported by 
Heukelekian and his co-worker generally compare favorably with the data 
obtained in this investigation for similar nickel doses when nonaccli-
mated sludge was used; however, these values are considerably lower than 
the corresponding oxygen uptakes measured with the acclimated sludge. 
This again demonstrates the ability of activated sludge to acclimate to 
nickel and points out the need for Warburg studies using microorganisms 
previously exposed to the metal as performed in the present investigationo 
McKinney and Gram (21) studied the role of protozoa in the treat-
rued of sewage by the activated sludge process. They employed a Warburg 
respirometer to determine differences in oxygen utilization of sludge 
samples containing only bacteria and sludge samples containing bacteria 
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and protozoa; four different species of protozoa were studied. It was 
found that there was no appreciable difference between uptake of tl1e 
sludge containing bacteria and protozoa and that containing only bacteria. 
In the same study, McKinney and Gram demonstrated the significance of 
protozoa in producing a plant effluent of low BOD and turbidity. 
aspect has been discussed earlier in this chapter. 
Tl1 is 
Since the influence of protozoa in an activated sludge system may 
not be reflected in oxygen uptake data, the ability of an activated sludge 
to produce a clear effluent may not be determined on tho basis of War-
burg respirometer studies alone. Rather, a combination of pilot plant 
units and the Warburg respirometer is needed for .:1 comprehensive investi-
gation. 
VI. CONCLUSIONS 
From the results obtained in this study, the following may be 
concluded: 
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1. Nickel, above certain concentrations, was found toxic to activated 
sludge microorganisms. Previous acclimation of the activated sludge, 
the strength of the sewage, and the duration of exposure to nickel 
were factors which influenced the tolerable nickel concentration. The 
toxicity threshold limit was found to be in the range of 2 mg/lo 
2o Nickel added to several fill and draw activated sludge units over a 
20-day period in daily stepped doses increasing to 64 mg/1 affected 
their efficiency in varying degrees as indicated by the chemical 
oxygen demand and suspended solids content of the effluent, and the 
oxygen uptake of the sludge. Nickel doses in the range of OoS to 
4.0 mg/1, 1.0 to 8.0 mg/1, and 1.0 to 16 mg/1 or higher, caused little, 
moderate, and serious effectso When some of the units were subjected 
to a shock nickel dose of 30 mg/1 for two days, they were seriously 
inhibited but able to recover. The activated sludges which were ex-
posed to the lower nickel concentrations demonstrated successful 
acclimation. 
3. The effect of nickel concentrations ranging from 3.0 to 240 mg/1 on 
the oxygen uptake in a Warburg respirometer was significantly less 
pronounced when activated sludge which had been~eviously exposed to 
small nickel doses was used than when nonacclimated sludge was em-
ployed. The 24 hour oxygen uptake of the acclimated sludge was in-
hibited by less than 20 per cent when doses of 12 mg/1 or less were 
added and by more than 70 per cent when 60 mg/1 nickel or more was 
used. The effect of acclimation was less noticeable at concen-
trations greater than 60 mg/1. 
4. The Warburg respirometer was found to be a useful and rapid means 
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of determining the toxicity of nickel on activated sludge. However, 
Warburg respirometer studies should be augmented with pilot plant 
investigations to enable the comprehensive evaluation of the effects 
of the metal on the sludge and on the quality, particularly clarifi-
cation, of the effluent producedo 
5. The affinity of both acclimated and nonacclimated activated sludge 
for nickel was limited and significant amounts of the metal were 
discharged in the effluent. 
VII. RECOMMENDATIONS FOR FUTURE RESEARCH 
The results presented in this thesis have established that nickel 
detrimentally affects activated sludge and that acclimation enables 
the sludge to become more tolerant to the metal. 
In general, nickel was applied at constantly increasing doses 
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to activated sludges whose mixed liquor suspended solids concentrations 
were maintained at approximately the same level. The effect of constant 
nickel doses over an extended period of time should be investigated in 
order to evaluate the desirability of employing equalizing tanks at the 
industrial plant site and discharging wastes having a relatively con-
stant nickel content. The mixed liquor suspended solids concentration 
may be varied to study its effect upon the ability of the sludge to 
function in the presence of the metal. 
It was postulated that the presence of nickel resulted in changes 
in the microbial population of the sludge~ notably, the absence of protozoa. 
Additional research is needed in this area in order to determine the 
groups of microorganisms functioning in a nickel fed activated sludge and 
identify the predominant species. 
The fate of nickel was not determined in this study other than 
measuring the quantities of the metal present in the effluent. A com-
plete material balance would be of interest and may reveal the relative 
distribution of nickel in the mixed liquor. In addition, chemical methods 
for the removal of nickel from the waste should be investigated. This 
would be desirable in view of the fact that both primary sedimentation 
and activated sludge treatment are only partially effective in removing 
nickel. 
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NICKEL BALANCE IN FILL AND DRAW UNITS 
The nickel values presented in Table XIV were computed on the basis 
of the measured nickel concentration in the settled effluent and the 
nickel feed schedule for run 2 (See Table IV). It was assumed that no 
nickel was lost during the run other than the nickel removed in the 
effluent. The following sample computation is included to demonstrate 
the manner in which the tabulated values were determined. 
Basis: 1. Total mixed liquor volume of 1000 ml. 
2. Approximately 500 ml effluent withdrawn from each 
unit per day. 
3. Nickel determination performed on 3-day composite 
effluent samples. 








Period 0 - 2 Day 
3 days x 1.0 1/day x 0.5 mg/1 
= 0 + 1.5 mg 
= 3 days x 0.5 1/day x 0.4 mg/1 
Nickel remaining in unit prior to the 







Period 3 - 5 Day 
= 3 days x 1.0 1/day x 0.75 mg/1 
= 0.9 mg + 2.25 mg 
= 3 days x 0.5 1/day x 0.7 mg/1 
Nickel remaining in unit prior to the 
addition of the nickel dose for day 6 
1.5 mg 
1.5 mg 
0. 6 mg 
0.9 mg 
2.25 mg 
= 3.15 mg 
1.05 mg 
= 2.10 mg 
74 
TABLE XIV 
NICKEL BALANCE IN FILL AND DRAW UNITS 
RANGE PERIOD NICKEL 
UNIT of ADDED PRESENTIDISCHARGEDI i~E}1\INING 
NICKEL From - To DURING in IHTH I in 
NO. CON CENT'. PERIOD mnT EFFLUENT I UNIT* 
mg/1 day mg mg mg I mg 
0-2 1.5 1.5 0.6 0.9 I 
3-5 2.25 3.15 1.05 2.1 I 
1 0.5-2.0 6-8 3.0 5.1 3.6 1.5 I 9-11 3.75 5.25 3.75 1.5 
12-14 4.5 6.0 3.15 2.85 i 
15-17 6.0 8.85 4.25 4.6 I 
1 
0-2 3.0 3.0 2.1 f[l 3-5 4.5 5.4 3.6 1.8 
2 1. 0-4.0 6-8 6.0 7.8 4.65 3.15 
9-11 7.5 10.7 6.6 4.1 
12-14 9.0 13.1 4.8 8.3 
15-17 12.0 20.3 8.3 12.0 
0-2 3.0 3.0 0.9 2.1 
3-5 6.0 8.1 5.3 2.8 
3 1.0-8.0 6-8 9.0 11.8 6.7 I 
5.1 
9-11 12.0 17.1 8.3 8.8 
12-14 18.0 26.8 7.8 I 19.0 
\ 15-17 24.0 43.0 14.4 28.6 
0-2 5o0 5.0 3.3 ! 1.7 
3-5 12.0 13.7 4.1 9.6 
4 1.0-16 6-8 18.0 27.6 10.2 17.4 I 
9-:-11 24.0 41.4 10.8 30.6 I 
12-14 36.0 66.6 14.4 52.2 ' 
15-17 48.0 100.2 22.0 78.2 ! 
24.0 10.8 I 13.2 I 0-2 24.0 3-5 24.0 37.2 14.7 22.5 
5 8.0 6-8 24.0 46.5 16.1 30.4 9-11 24.0 54.4 16.5 J7.9 
12-14 24.0 61.9 16.5 45.4 I 15-17 24.0 69.4 18.5 50.9 
*Prior to the addition of the nickel dose for the following day. 
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